Abstract -In Burkina Faso, African Animal Trypanosomosis (AAT) is still a major hindrance to cattle breeding, especially in the Mouhoun river basin, which was identified as a priority area for tsetse control. The attempt of the present work was to assess the abundance of tsetse flies and AAT risk using remote sensing coupled to field environmental data, along a Mouhoun river section of 234 km long, harbouring an open riverine forest where G. tachinoides Westwood is the predominant tsetse species. The water course was classified into three epidemiological landscapes, corresponding to a "disturbed", "natural" and finally "border" vegetal formation at the interface of the two formers. Using the mean number of infected flies by trap and by day as a risk indicator, the border landscape was found to be 5.4 (1.3-12.0) and 15.8 (4.7-41.6) times more risky than the natural and disturbed ones respectively. These results led to propose that a campaign against tsetse, undertaken by a development project called PAEOB (Projet d'Appui à l'Élevage dans l'Ouest du Burkina Faso), should be focussed on only 34% of the hydrographic network.
INTRODUCTION
In most sub-Saharan West-African countries infected by tsetse flies, African Animal Trypanosomosis (AAT) is considered to be one of the main pathological constraints to cattle breeding [26, 28, 39, 40] . Tsetse flies are also cyclic vectors of sleeping sickness in humans. In line with the willingness of most African countries to solve the problem, a set of criteria/guidelines for joint inter-* Corresponding author: bouyer@cirad.fr national action against tsetse-transmitted trypanosomosis was recently developed based on the concept of area-wide integrated pest management 1 [24] . Priority areas for control were defined through entomological and epidemiological studies, which revealed variable situations and the need for diverse and integrated intervention tools.
The prediction of the presence or abundance of tsetse flies using remote sensing coupled to field environmental data has become a priority. Based on statistical procedures and GIS (Geographical Information Systems) simulations, it has led to the development of very useful decision making tools at various levels (from local to regional) [16, 22, [36] [37] [38] , confirming the potential of this approach. While an increase in agricultural activity is generally associated to a decrease in savanna tsetse species densities, the response of riverine tsetse species to human-driven changes is more varied. In West Africa, the presence of suitable riverine vegetation may be the main factor determining their presence and abundance [5, 14, 15, 34] .
The Mouhoun river basin, in Burkina Faso, was identified as a priority area for tsetse control 2 because of the high potential impact of trypanosomosis on cattle breeding and the vulnerability of riverine tsetse populations in this area, which has mosaic landscapes with topographic and agro-climatic divisions [24] . A recent study of the riverine vegetation permitted the division of the river into three major ecological sections: the tributaries, harbouring mainly a Guinean gallery forest, the western branch, harbouring a SudanoGuinean gallery forest, and the eastern branch, harbouring a Sudanese gallery forest [5] . Two riverine tsetse species, Glossina palpalis gambiensis Vanderplank 1949 (Diptera, Glossinidae) and G. tachinoides Westwood 1850, are still present in quite high densities and continue to transmit African trypanosomosis, however, G. morsitans submorsitans Newstead 1910 was not captured, although it was present in the area twenty years ago 3 . This disappearance may be multifactorial (increase in human density, decrease in wild fauna densities and disturbance of Savannah Woodlands). The type of riverine vegetation determined the dominant species; G. palpalis gambiensis was dominant in closed formations while G. tachinoides was dominant in the open galleries.
The aim of the present work was to assess tsetse fly densities and trypanosomosis risk levels in the various peri-riverine landscapes of the eastern branch of the Mouhoun using remote sensing data. This river section was first studied because of the greater dominance of G. tachinoides over G. palpalis gambiensis, which simplifies the understanding of tsetse distribution factors.
MATERIALS AND METHODS

Context and location of the study
Recently, human-driven changes of peri-riverine landscapes (under cropping and cattle grazing), studied by remote sensing, were associated with a decrease in riverine tsetse fly densities and an increase in cattle density subjected to trypanosomosis risk in Burkina Faso [15, 16] . In particular, crop densities in 600 m buffers around the river course and their proximity to the river, measured from SPOT images, could be positively correlated to the disturbance of the gallery forests, with a negative impact on tsetse densities. Crop densities were also positively correlated to cattle densities. The aim of the present study was to validate these remote sensing indicators and assess riverine tsetse fly densities and trypanosomosis risk at a basin scale. The study area is located in Figure 1 . Location of the trapping sites on the eastern branch of the Mouhoun river, Burkina Faso.
the Mouhoun river basin, north of Bobo Dioulasso. In the present paper, the part of the Mouhoun river under study is called the eastern branch, extending from the Sourou dam (3
• 26' W, 12
• 44' N) at the extreme north of the river to Boromo (2
• 55' W, 11
• 44' N), a town located between Bobo Dioulasso and Ouagadougou. It covers a total of 234 km of river course roughly oriented from the south to north (Fig. 1) . In this section, where the Sudanese gallery forest occurs, G. tachinoides is the dominant tsetse species encountered and the disturbance level of the gallery has been negatively correlated to tsetse densities [5] .
Entomological and parasitological surveys
Entomological surveys were conducted during the 2002 hot dry season (March for the eastern branch) [5] . Ten percent of the river course was sampled, using standardised biconic traps [7] 100-150 m apart, operated from 9.00 h to 16.30 h. The 173 trap locations were recorded using GPS. Tsetse flies were recorded by species by trap (Apparent Density per Trap and per day or ADT) and sampled for dissection in the field. The proboscis, salivary glands, and mid-gut of part of the flies were directly examined using microscopes in the field. When at least one of these three organs in a fly was infected, all three were stored in distilled water kept at -20
• C and analysed by PCR to determine the species of trypanosome involved with monospecific primers of Trypanosoma vivax, T. brucei sensu lato and T. congolense savannah type [17, 31] . The proboscis of the other dissected flies were stored under the same conditions and analysed by PCR. In the following, only the mature infections, i.e. those of the proboscis, were considered to calculate the fly mature infection rates. In addition, the physiologic ages of some of the female G. tachinoides were determined by dissection of the ovary glands.
Ecological surveys
The riverine forest of each trapping site had been previously classed into three disturbance levels using phyto-sociological statements [5] . In addition, a semi-quantitative note of abundance (0, absence, 1, low, 2, medium, and 3, high) was attributed to each trapping site for domestic (small ruminants, pigs, and cattle) and natural hosts (reptiles and wild ruminants). The notes were attributed by using direct and footprint observations, and by interrogating a native guide.
During the entomological surveys, three entomological landscapes were identified in the field (protected forest, border of a protected forest, and cultivated and grazed areas) and were registered in all trap locations.
Remote sensing treatments
Two Landsat 7 thematic mapper (TM) images from October 1999 were needed to cover the eastern branch area. The river course was digitised from landsat images using Mapinfo 7.0 software. A buffer of 1 km width was extracted along the river course and submitted to a supervised classification (ENVI software) from a three channel composition (TM4, TM3, TM2), identifying seven land-use classes (Fig. 2) . Standard nomenclature of African vegetation types was used to describe these land-use classes [4] .
Statistics
The riverine forests are too small (< 10 m) to be seen on a Landsat scene. Thus, the classification of the river course relays on the analysis of the neighbouring pixels. Similar methods are used in soil studies [29] .
The aim of the following landscape classification method was to discriminate clusters corresponding to the three entomological landscapes described above (forest, border and disturbed) using the seven vegetal units obtained from the supervised classification in the pixels neighbouring the river course. First, 920 points, each separated by about 300 m, were randomly generated all along the length of the river (Mapinfo software) from which 116 could be classed into these three landscapes using field data (Fig. 3 ). Among these 116 sites, 28, separated from each other by more than 1 km, were used as learning sites and the 88 remaining sites were used to validate the results.
The 920 random points were always analysed together to identify clusters of similar neighbouring (Fig. 4) . The areas of each land-use unit were calculated in buffers of 200, 500 and 1000 m around each point and they were reported to the total areas of the buffers to obtain the percentages of each vegetal unit (Fig. 3) . Centred but not scaled principal composant analysis (PCA) was carried out using the land-use class areas in these buffers as variables for the three buffer sizes (R software, ADE4 package). Euclidian distances between the river points were calculated between all 920 river sites, either from the land-use class areas in the buffers or from their coordinates on the two principal axes. Hierarchical cluster analysis was then carried out with the complete agglomeration method [30] using the mva package (R software). The autocorrelation of tsetse fly densities between traps was investigated using the Moran I test under the assumption of randomisation [2, 3, 9] , applied on neighbouring matrixes, generated with 200 m distance ranges along the river course, from 0 to 2 200 m. The autocorrelation was then controlled with a permutation test for Moran I statistic, which makes no assumption on the distribution of the variable in the population [9] . The rows and columns of neighbouring matrixes correspond to the trap numbers. They are symmetrical and filled with "1" or "0" indicating if the trap in a column is a neighbour or not of the trap in a row within the selected distance range. The same pond was given to all the neighbours of a given trap to obtain row standardised spatial weight matrixes [8] . Eleven matrixes of neighbors (traps) were thus analysed (Tab. I) with the spdep package (R software).
For each epidemiological landscape, the normality of tsetse apparent densities and physiologic age distributions was tested using the Kolmogorov-Smirnov test [10] . Since the distributions of apparent densities were not normal, they were compared altogether using a Kruskal-Wallis rank sum test [25] and then by pairs using the Steeltype non parametric multiple comparisons test (npmc package) [33] . Fly infection rates were compared using the Khi square test with Yates continuity correction [35] . The distributions of physiologic ages were normal and their means were thus compared with the Student t-Test with Welch modification to the degrees of freedom, after comparison of their variances with the F test. All the statistical analysis were computed with R statistical software [27] .
The mean number of infectious flies by trap and by day is considered to be proportional to the vectorial capacity, a risk indicator of disease transmission corresponding to the number of infectious bites by time unit potentially produced by a single host threw the vector population [41] . The relative risks and their confidence intervals represented by the ratio of mean numbers of infectious flies by trap and by day were obtained from bootstrapping in the ADT distributions and from dissected fly samples from each landscape, assuming spatial homogeneity within a given epidemiological landscape (10 000 Monte Carlo simulations, @risk software).
Confidence intervals were calculated for a risk α of 5% [18] .
RESULTS
From remote sensing landscapes to epidemiological landscapes
Seven land-use classes were identified in the peri-riverine buffers (Figs. 2 and 3) . Swamp forests were dominated by Acacia seyal, Mitragyna inermis, and Mimosa pigra. Savannah woodlands were dominated by Butyrospermum paradoxum and Terminalia laxiflora. Shrub savannahs were dominated by Combretum spp. and Guiera senegalensis. Two types of crops could be identified according to the timing of their implementation -early or late during the rainy season -both representing cereals (corn, millet, sorghum) or cotton crops. Bare ground comprised already harvested fields and eroded areas. The final class comprised water areas.
The hierarchical cluster analysis, applied either to the areas of the land-use classes in the 500 m buffers or to their coordinates on the two first principal axes of the PCA (same result), gave the best match between entomological and remote sensing landscapes (93% of the 28 study sites). Among the 88 validation sites, there was a 90% match between entomological and remote sensing landscapes. The remote sensing landscapes were projected on the first plan of the PCA (Fig. 4) , to qualitatively control their relationship to the variables (land use classes in the 500 m buffers). Among the 920 random locations along the river course, 87% of the variance was explained by the first two principal axes of the PCA. Swamp forest and bare ground units had the highest contribution to the first plan. These two variables were negatively correlated. The early crop unit was also negatively correlated to the swamp forest unit. The first remote sensing landscape (group 1, Fig. 4) , called "disturbed", corresponded to fully cultivated or grazed areas where protected forests were either nearly absent or not respected on both river banks. The second (group 2, Fig. 4 ), called "border landscape", was a mixed formation, corresponding to forest borders or respected protected areas on only one bank of the river. Finally, the third (group 3, Fig. 4) , called "natural landscape", harboured mainly swamp forest and corresponded to respected protected areas on both river banks.
Fly densities were found to be autocorrelated up to the distance range of 1400 to 1600 m (Moran I test, Tab. I, p < 0.05). Thus, fly densities and infection rates between two adjacent remote sensing landscapes could not be considered independent. Natural and disturbed landscapes were always separated by halfdisturbed landscapes (Fig. 5a ). To take auto-correlation into account and obtain independent epidemiological landscapes, this transition landscape was merged to 1600 m of adjacent natural and disturbed landscapes to create the first epidemiological landscape, coded B (for border). The residual natural landscapes constituted a second epidemiological landscape, coded N (for natural). Finally, the residual disturbed landscape formed a third epidemiological landscape, coded D (for disturbed). In the following discussion, only these independent epidemiological landscapes are considered (Fig. 5b) .
Characterisation of the epidemiological landscapes
Landscapes B, N, and D respectively represented 34, 7, and 59% of the total river length (Fig. 5b) .
The Fifty-six, 31, and 86 traps were located in landscapes B, N, and D respectively, where the riverine forest disturbance level was previously assessed from phytosociological analysis [5] . Landscape D harboured the most disturbed gallery, with 31% (s.d. 5%) of degraded sites, followed by landscape B (16%, s.d. 5%) and finally landscape N (0%). The disturbance of the gallery forest was negatively correlated to the percentage of swamp forest surface in the 500 m buffers (r 2 = 1). Landscape D was the most frequented by cattle, with 75% (s.d. 6%) of highly frequented sites, closely followed by landscape B (53%, s.d. 5%). Landscape N showed little cattle frequentation, accounting for only 10% (s.d. 5%) of highly frequented sites. The percentage of sites highly frequented by cattle was negatively correlated to the swamp forest surface in the 500 m buffers (r 2 = 0.98). The pattern of small ruminant frequencies was very similar. The frequency of pigs was very low, with only a low frequentation of two trapping sites in landscape N, and absent from other landscapes. Reptiles (mainly Varanus niloticus and Crocodylus niloticus) and wild ruminants (mainly Tragelaphus scriptus and Cephalophus rufilatus) showed a frequentation pattern opposite to that of cattle.
Epidemiological landscapes and risk assessment
The apparent densities in the various landscapes were significantly different (Kruskal-Wallis Rank Sum Test, p < 10 −3 ). The highest G. tachinoides mean apparent densities were observed in landscape B, with an ADT of 11.0 (s.d. 8.5), significantly higher than in landscapes N (p < 0.05) and D (npmc test, Tab. II, p < 10 −3 ) with ADT of 7.4 (s.d. 7.4) and 0.8 (s.d. 1.7) respectively (Tab. II). ADT of G. tachinoides in landscape N was also significantly higher than 
DISCUSSION
To distinguish entomological landscapes using remote sensing data, the use of 500 m buffers around the river course gave the clearest results. Human activities within this distance have the highest impact on riverine vegetation, as was shown in the same ecological area using 600 m buffers: the closer to the river the crops were, the greater the observed impact on riverine vegetation [15] . In the present study, the use of 1000 m buffers diluted the impact of erosion next to the river (represented by bare ground units) and failed to differentiate between riverine landscapes. However, 200 m buffers were no more precise, probably because the free water unit was contributing too much in the PCA axis. The 500 m buffers were optimal because the main contributing units to the PCA principal axis were swamp forests and bare grounds in the vicinity of the river. The complete agglomeration method finds similar clusters by using the maximal distance between all elements of the clusters to calculate the distance between clusters [1] .
The study confirmed that peri-riverine human activities have a negative impact on gallery forest vegetation, in contrast to "protective" swamp forests. When small riverine forests (5 to 20 m width) are submitted to confusion and dilution, these "disturbance indicators" can be measured from remote sensing data like Landsat TM images, with a resolution of only 30 m. These indicators can be related to riverine forest disturbance, and thus to a first epidemiological information layer: the vector densities. Recently, a similar approach in Ghana enabled the classification of the suitability of riverine habitats for G. tachinoides, although the relation was only qualitative [32] . The method used in the present study to predict tsetse densities is more explanatory than descriptive, differentiating itself from former works, led at a lower resolution [22, 36, 38] . Concerning a second epidemiological layer, the hosts, a negative correlation was observed between cattle frequency and swamp forest areas. It may be assumed that high cattle frequentation has a negative impact on this natural formation. Although the host density measures were only semi-quantitative, they were very easily obtained and were not time consuming. Moreover, more precise methods (particularly exhaustive cattle counting surveys) were used in the same ecological area, and similar results were found [15] . The 1.6 km observed autocorrelation between fly densities may be attributed to the dispersal capacities of riverine flies along the river course [6, 11] . The decision to enlarge the border remote sensing landscape (half-disturbed) rather than the two others was made because the former is known to be particularly at risk since tsetse flies can find both breeding sites and domestic hosts there together [6] . This decision assumed that the majority of tsetse flies that become infected in the border landscape would be contained within this distance. In the same country and at the same season, the median distance (exceeded by 50% of the flies) measured for female G. tachinoides was 2.4 km [11] . However, this distance was measured in a homogeneous conserved Guinean gallery, which was not the case here, where a higher mortality rate (in disturbed places) and a heterogeneous distribution of host species could contribute to a reduction of the median distance. In fact, tsetse dispersion can be modelled as a killed random walk or diffusion process where life-span has a dramatic impact on the probability of long-distance movements 4 [19] [20] [21] . Landscape N corresponded to protected areas on both banks of the river that are not supposed to be frequented by cattle. However, a low frequentation by cattle was recorded. The tsetse mature infection rate was low but their apparent density was high. Wild ruminants and reptiles were frequent in this landscape, although their density was lower than cattle in other landscapes due to intensive poaching in this area. Cattle breeders should be discouraged from using these river sections, which cannot be considered a priority for campaigns against tsetse.
Landscape D harboured a younger tsetse population than landscape B, in low apparent density, which could be attributed to a higher adult mortality rate, since the percentage of disturbed riverine forests is greater in this landscape. Cattle were present in high density. Fly mature infection rate by T. vivax was high, but trypanosomosis risk was low because of a low tsetse fly density.
Finally, landscape B harboured an intermediary disturbance level of the riverine forest, leaving many breeding places for a xerophylous species such as G. tachinoides 5 [6, 13, 34] . The frequency of cattle was high, providing an abundant amount of preys. Vector density was higher than in the other two landscapes and the tsetse population was older than in landscape D, which is another risk factor, since the mean incubation times of trypanosomes are about 10, 14, and 30 days respectively for T. vivax, T. congolense and T. brucei brucei [12] . T. congolense and T. brucei lato sensu were found only in this landscape. Assuming that the mature infection of a fly had no implication on the probability of its capture, and that the mean apparent densities were positively correlated to the threat posed to cattle by tsetse thanks to the high number of traps in each landscape, the ratio of captured infected flies was considered a reflection of the risk level of the river sections studied. Using this risk indicator, landscape B is shown to be 15.8 times more risky than landscape D and should be a priority in a campaign against tsetse.
The border ecosystem, renowned for its impact on various invertebrate families, also has a critical importance for African trypanosomosis epidemiology. In riverine ecosystems, it is correlated to humandriven changes of peri-riverine landscapes, which in turn can be studied by remote sensing. Remote sensing has already been used successfully to predict vector densities at low scales [23, [36] [37] [38] . In the present study, it was used to stratify African animal trypanosomosis risk at a local scale, and it led to the proposition that a campaign against tsetse, which will be achieved by a development project, the PAEOB (Projet d'Appui à l'Élevage dans l'Ouest du Burkina Faso), should be focussed on only 34% of the hydrographic network. It also revealed that as far as tsetse flies are concerned, protecting only one river bank in this area is a dangerous conservation strategy for cattle. The methodology was derived from a previous work at a higher scale [15, 16] , but proposes a simplified protocol for cattle density measurements and a rapid risk assessment that is compatible with the field constraints encountered within a river basin. Thanks to this rapid risk assessment method, a river section of 250 km could be analysed in this way within 3 months. The results were fully in line with a Trypanosomosis parasitological survey in cattle conducted in 1999 6 . The same work will take place in two other Mouhoun river sections with different ecological characteristics, the western part and the tributaries, where river forests are of the Sudano-Guinean and Guinean ecotypes respectively.
